Mechanisms governing the timing of puberty in pigs are poorly understood. A genome-wide association study for age at first estrus in pigs identified candidate genes including neuropeptide FF receptor 2 (NPFFR2), which is a putative receptor for RFamide-related peptides (RFRP). RFRP has been shown to negatively regulate secretion of reproductive hormones from hypothalamic and pituitary tissue of pigs in culture. Here, the porcine NPFFR2 gene was further screened and four potentially functional variants were identified to be associated with age at first estrus in pigs (1,288 gilts). The RFRP neurons in the porcine hypothalamus were localized in the paraventricular and dorsomedial nuclei with RFRP fibers in the lateral hypothalamic area. There were marked changes in expression of NPFF receptors in the anterior pituitary gland and hypothalamus of gilts beginning with the peripubertal period. The hypothesis that NPFF receptor function is related to secretion of luteinizing hormone (LH) in gilts was tested with various NPFF receptor ligands. The NPFF receptor antagonist RF9 stimulated a pulse-like release of LH in prepubertal gilts. The putative NPFF receptor agonist RFRP3 modestly suppressed LH pulses in ovariectomized (OVX) prepubertal gilts. A porcine-specific RFRP2 failed to have an effect on LH secretion in OVX prepubertal gilts despite its high degree of homology to avian gonadotropin-inhibitory hormone. Results indicate that an RFRP system is present in the pig and that NPFFR2 is important for pubertal onset in gilts. It is not clear if this regulation involves major control of LH secretion or another unknown mechanism.
INTRODUCTION
Replacement gilts make up a significant proportion of breeding females in swine herds. Nearly a third of gilts selected as replacements never farrow a litter [1] . A significant percentage of these gilts do not reach puberty or puberty is delayed beyond 8 months of age and are culled. Mechanisms governing the timing of puberty onset in the pig are poorly understood. In general, the occurrence of puberty in the gilt is regulated by luteinizing hormone (LH) pulse frequency [2] [3] [4] , which is driven by the pattern of gonadotropin-releasing hormone (GnRH) from the hypothalamus [5, 6] . Inadequate gonadotropin secretion in gilts results in pubertal failure [3, 7, 8] , potentially driven by an insufficient pubertal transition in GnRH secretion. This deficiency may be the result of insufficient excitatory signals coupled with a persisting inhibitory tone that suppresses the GnRH pulse generator [9] .
RFamide peptides are a family of neuropeptides that are characterized by an arginine-phenylalanine C-terminus that is amidated. There are five groups of the RFamide peptide family, which include neuropeptide FF (NPFF), prolactin-releasing peptide (PrRP), pyroglutamylated RFamide peptides (QRFP), and kisspeptins [10, 11] . Several members of the RFamide peptide family have been implicated in regulation of gonadotropin secretion. For example, QRFP have been reported to stimulate secretion of LH in prepubertal rats [12] . Kisspeptins directly stimulate GnRH release from the hypothalamus [13, 14] to increase secretion of LH in many species including the pig [15] . Hypothalamic expression of kisspeptin and its receptor is tied to pubertal maturation of the reproductive neurosecretory axis [16, 17] . The RFamide peptide family also contains peptides products of the NPVF gene, which are characterized by the C-terminal amino acid motif of LPXRF, where X can be L or Q [18, 19] . The NPVF peptide products are named RFamide-related peptides (RFRP; [20, 21] ) and are considered mammalian homologs to the avian gonadotropin-inhibitory hormone (GnIH) peptides. GnIH was identified in quail as a novel hypothalamic neuropeptide [22] that suppressed gonadal development and maintenance by inhibiting the synthesis and release of LH from the pituitary gland [22] [23] [24] [25] . The mammalian RFRP3 has also been purported to inhibit the reproductive neurosecretory axis [20, 26, 27] . In livestock species, RFRP3 suppresses GnRH-stimulated LH release from primary cultures of the anterior pituitary gland [26, 28, 29] . Treating primary cultures of porcine hypothalamic explants with RFRP3 suppressed GnRH secretion [29] . In several species, a large proportion of RFRP containing fibers in the hypothalamus lie in close apposition to GnRH neurons [20, [30] [31] [32] . This close apposition appears to have direct physiological effects as RFRP3 suppressed GnRH neuronal firing in rats [33] and mice [34, 35] . Secretion of LH in boars was suppressed by RFRP3 [36] , but the in vivo role of the RFRP system in regulating LH secretion in the gilt remains unknown.
A genome-wide association study (GWAS) for age at first estrus in pigs identified markers on chromosome 8 surrounding the NPFFR2 locus [37] , making NPFFR2 a positional candidate gene contributing to genetic variation in age at puberty in swine. The NPFFR2 is a G-protein coupled receptor that shares 50% identity to NPFFR1 [38] . The NPVF-derived RFRPs bind and activate these receptors [38] [39] [40] . Given the potential role of RFRP3 in regulating LH secretion in pigs, a series of experiments were conducted to better understand how NPFF receptors and their putative RFRP ligands are involved in regulating reproductive function in gilts. The porcine NPFFR2 gene was screened for potential functional variants, which were tested for association with pubertal age in gilts. The hypothesis that NPFFR gene expression in the hypothalamus and anterior pituitary gland of gilts is reduced with the onset of sexual maturity was tested. A NPFFR antagonist was used to test the hypothesis that these receptors are involved in LH secretion. Putative pig-specific RFRP protein sequences were determined from examination of the porcine NPVF gene sequence, and the spatial organization of RFRP proteins in the porcine hypothalamus was defined. Further experiments were conducted to test the hypothesis that treating pigs with porcine RFRP-3 or RFRP-2 would suppress LH secretion.
MATERIALS AND METHODS
All procedures involving animals were conducted using standard production and experimental practices that were in accordance with the Guide for the Care and Use of Agricultural Animals in Agricultural Research and Teaching [41] and approved by the University of Georgia Institutional Animal Care and Use Committee and by the US Meat Animal Research Center. Commercial white composite gilts used for the association study were housed under standard conditions for commercial pork production. For intensive endocrine studies, commercial white composite gilts were housed individually in pens (≥1.5 m 2 ) in climate controlled facilities with 12 h light-dark cycles. Gilts had ad libitum access to water and were offered a fortified corn soybean-meal diet twice daily (0700 and 1600 h) that met or exceeded nutrient requirements [42] . Pigs were euthanized for tissue collection with barbiturates according to established guidelines for swine [43] . Pubertal status of gilts in intensive endocrine studies was corroborated by age of the animal and verified by examination of ovaries for absence of luteal tissue at ovariectomy or after euthanasia.
Genomic association of NPFFR2 variants with age at first estrus
Daily estrus detection was performed from 140 to 240 days of age using mature boars (>11 months of age) placed in an alleyway between two pens of gilts, during which time herdsmen applied back pressure to gilts within each pen and gilts were observed for estrous behavior. Age at puberty was defined as the date in which the first standing estrus was detected. Gilts born during 2007 through 2014 (n = 1,284) with estrus dates were genotyped for NPFFR2 polymorphisms. These animals were progeny from the original discovery population for the age at puberty GWAS [37] mated by AI with semen from additional boars in the same population or commercially available Landrace and Yorkshire boars. Potential functional variants were identified in NPFFR2 genomic sequences from USMARC founder sires (12 Duroc and 12 Landrace boars) and dams (48 Yorkshire-Landrace sows). Coding variants were identified and multiplex assays were designed using MASSARRAY Assay Design software (Sequenom, San Diego, CA).
Candidate SNPs were genotyped with genomic DNA extracted from tail tissue using the Wizard SV Genomic DNA Purification kit (Promega, Madison, WI) of 1,284 gilts and their sires and dams (n = 1,519) using the Sequenom MASSARRAY system with iPLEX chemistry (Sequenom).
A mixed model REML analysis of genotypic associations was conducted where fixed effects were year, season, and breed of sire (Wombat; http://didgeridoo.une.edu.au/km/wombat.php). Pedigree information was used to estimate polygenic effects including pedigrees beginning in 2004. A heritability of 21% for age at puberty was estimated. Marker effects were estimated as the additive effect of an allele substitution. There were 1,228 animals with genotypes and phenotypic data, and 2,296 animals were included in the pedigree. Significance was determined at P < 0.008 after Bonferroni correction for multiple testing.
Quantitative gene expression
The anterior pituitary gland was collected from gilts (n = 66) at 24, 60, 100, and 140 days of age (n = 14 to 16 per age). These represent key developmental time points during a gilt's life. Concentrations of LH and frequency of LH pulses increase from approximately weaning until about 100 days of age, and then decrease until about 140 to 150 days of age after which they remain suppressed until the peripubertal period [3, 7, 8] . Primordial follicles continue to develop in the gilt up until the time of weaning, and formation of antral follicles visible on the ovary surface occurs between 60 and 100 days of age [44] . In addition, the anterior pituitary gland and the medial basal hypothalamus were collected from prepubertal, peripubertal, and postpubertal cyclic gilts in the luteal phase (n = 12 to 14 per stage of sexual maturity). Animals were harvested at the same age (243 ± 1.3 days) in order to separate chronological age from physiological maturity. Stage of sexual maturity was determined from daily records for estrus detection (beginning at 140 days of age) and postmortem examination of the reproductive tract. Prepubertal gilts had no record of estrous behavior and ovaries with small follicles (<3 mm) accompanied by a small uterus; peripubertal gilts had no record of estrous behavior and ovaries with large follicles (>8 mm) with no luteal structures accompanied by a large well-developed uterus; postpubertal gilts had ovaries with luteal structures accompanied by a large well-developed uterus. The hypothalamus was isolated by cutting at the optic chiasm, rostral to the mammillary body at the premammilary recess, and 0.5 cm lateral to the third ventricle. The fornix at the rostral end of the tissue block defined the dorsal edge hypothalamus where a transverse cut was made. All tissues were snap-frozen in liquid nitrogen and stored at -80
• C. Anterior pituitary glands were bisected before freezing. Total RNA was isolated by extraction with Trizol (Thermo Fisher Scientific Inc., Waltham, MA) followed by precipitation with isopropanol. The pellet was resuspended in water and RNA purified on RNEasy Mini Columns (Qiagen, Valencia, CA) according to the manufacturer's protocol for on-column digestion with DNase. The quantity and quality of RNA were determined by spectrophotometry (NanoDrop 8000; NanoDrop Technologies Inc., Wilmington, DE) and microfluidic analysis with an Agilent automated electrophoresis system (Agilent 2100 Bioanalyzer; Agilent Technologies, Foster City, CA). The average RNA integrity number was ≥8.3. Total RNA (1 μg) was reverse transcribed in a 20 μl reaction with Transcriptor First Strand cDNA Synthesis Kit (Roche Diagnostics Corporation, Roche Applied Science, Indianapolis, IN) using both random hexamers and oligo-dT primers. Duplicate reverse transcriptase reactions were conducted and pooled for each animal. The cDNA was diluted 1:5 and used in triplicate amplification reactions (10 μl), which consisted of 1 μl cDNA, 5 μl LightCycler 480 Syber Green I Master mix (Roche Applied Science), 0.4 μl of forward and reverse primer (12 μM), and 3.2 μl of nuclease free water. The QPCR reactions were performed on a Bio-Rad CFX384 Real-time PCR Detection System (Bio-Rad, Hercules, CA), and the threshold cycle values were determined with CFX Manger Software using the automatic thresholding settings. Thermal cycling parameters were 1 cycle of 95
• C for 5 min followed by 45 cycles of 95
• C for 10 s, 60
• C for 10 s, and 72
• C for 10 s. Primers (Table 1) were designed to span an intron using the NCBI Primer-Blast design tool (http://www.ncbi.nlm.nih.gov/tools/primer-blast/). A pooled sample of cDNA of all available animals was serially diluted to determine PCR reaction efficiency of each primer set. NormFinder [45] and BestKeep [46] were used to determine the most stable expression among eight common reference genes in pools of cDNA for each experimental group. Tubulin-alpha 1b was used as the housekeeping gene for the anterior pituitary glands, and ribosomal protein 18S was used as the housekeeping gene for the hypothalamus. The 2-log threshold values of the triplicate reactions for each sample were compared and the triplicate was thrown out or repeated if the coefficients of variation (CV) was ≥20%. The cycle threshold values of within sample replicates were averaged and relative differences in gene expression were calculated [47] . Relative differences in gene expression were subjected to a one-way ANOVA using the GLM procedure of SAS (SAS Institute Inc., Cary, NC) with either AGE or STAGE of sexual development included as the fixed effect.
Effects of the NPFF receptor antagonist RF9 on secretion of luteinizing hormone in ovary-intact, prepubertal gilts Prepubertal, ovary-intact gilts (n = 7) were fitted with indwelling catheters (micro-Renathane tubing, 0.04 mm ID × 0.08 mm OD × 100 cm long; Braintree Scientific Inc., MA) to allow for intravenous (i.v.) treatment and collection of serial blood samples. The RF9 peptide was synthesized by GeneCust with an amino-acid sequence of Adamantanecarbonyl-RF-NH2 (purity 97.76%; MW 482.64). A preliminary experiment in gilts utilized doses of 0.10 and 0.15 mg RF9/kg BW. Stimulation of LH secretion at these doses was evident in some but not all gilts. Thus, a larger dose of 0.5 mg RF9/kg BW (32.7 ± 0.8 mg/animal) was chosen for the primary experiment. Gilts were randomly assigned to treatments of saline or RF9 in saline administered as a single i.v. injection. The experiment was repeated twice in a cross-over design with 1 week between treatments. Four hours after RF9 treatment, GnRH (100 μg) was administered i.v. as a positive control. Blood samples were collected at 12-min intervals during the pretreatment (-120 to 0 min), treatment (0 to 240 min), and GnRH-challenge (240 to 360 min) periods. All injections were administered by hand.
Deducing porcine RFRP precursor protein sequences
A cDNA (GenBank ID: FJ907541) containing a 444-bp nucleotide sequence for the porcine NPVF gene that we had previously cloned was used to deduce the amino acid sequence of the porcine RFRP precursor protein. The deduced amino acid sequence was then screened for cleavage sites with the program NeuroPred [48] using multiple logistic regression models. This information was used to synthesize porcine peptides (RFRP1, RFRP2, and RFRP3) for use in immunohistochemistry and in vivo studies in pigs. 
AB117609
Forward GTGAAACTGCGAATGGCTC 105 91 Reverse CCGTCGGCATGTATTAGCT a Luteinizing hormone beta polypeptide (LHβ), follicle-stimulating hormone beta polypeptide (FSHβ), gonadotropin-releasing hormone 1 receptor (GnRHR), neuropeptide FF receptor 1 (NPFFR1), neuropeptide FF receptor 2 (NPFFR2), gonadotropin-releasing hormone 1 (GnRHR1), neuropeptide VF precursor (NPVF; aka, RFamide-related precursor protein), kisspeptin 1 (KISS1), prodynorphin (PDYN), opioid receptor kappa 1 (OPRK1), neuropeptide Y (NPY), proopiomelanocortin (POMC); tubulin alpha 1b (TubA1B), ribosomal protein 18S. b NPFFR1 primers from Li et al. [55] . c 18s primers from Antosik et al. [98] .
Immunohistochemistry
Prepubertal, ovary-intact gilts (n = 5; 150 days of age) were euthanized and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS). Brains were collected and hypothalami dissected making the following cuts: rostral to the optic chiasm, caudal to the mammillary body, lateral to the hypothalamic sulci, and dorsal to the anterior commissure. Tissue blocks were postfixed in 4% paraformaldehyde-PBS for 2 to 3 h at 4
• C and then transferred to 30% sucrose and 0.01% sodium azide solution until the blocks sank. Coronal sections (20 μm) were cut on a microtome with a freezing stage and mounted on glass slides (Superfrost Plus) in four series. After drying on the slides, the sections were rehydrated and processed according to conventional immunofluorescence protocols. Briefly, the slide-mounted sections were incubated overnight with 10% normal horse serum in blocking buffer (tris-PBS; TPBS; pH 7.4). After washing in TPBS, each section was incubated for 48 h at room temperature in primary antibody (1:1,000) against quail GnIH raised in rabbit [22] . This antibody (a generous gift from Dr Tsutsui) cross-reacts with mammalian RFRP1 and RFRP3 [30] , but not with other RFamide peptides [49] . After three washes in TPBS, sections were incubated overnight at room temperature in the secondary antibody raised in donkey (Alexa 488; dilution 1:500; Abcam). Sections were then washed in TPBS and counterstained with DAPI to reveal neuronal and glia nuclei. They were then mounted in ProLong to reduce photo bleaching. To control for specificity of the primary antibodies, separate sets of sections from each hypothalami were incubated without primary antisera, and others were preincubated with the immune serum plus RFamide peptides (RFRP1, RFRP2, RFRP3, PrRP31, NPFF, QRFP26) at 1 μg/ml. Porcine RFRP1, RFRP2, and RFRP3 were synthesized by GenScript (Scotch Plains, NH). Human PrRP31 and NPFF were obtained from Phoenix Pharmaceuticals (Burlingame, CA). Human QRFP26 was obtained from AnaSpec (Fremont, CA). Images were captured with a Zeiss Axioplan 2 imaging photomicroscope (Carl Zeiss Vision, Oberkochen, Germany) equipped with a digital camera (Axio Cam MRc) and appropriate filters for DAPI and Alexa 488. The captured images were evaluated with the Axio Vision 4.6 Imaging system. Positive staining was imaged in every fourth section to eliminate the likelihood of including the same neuron twice. For preparation of microscopic illustrations, Corel Graphic Suite 11 was used only to adjust brightness, contrast, and sharpness and make composite plates.
In vivo animal experiments
Effects of central infusion of RFRP3 on secretion of luteinizing hormone in ovariectomized prepubertal gilts Prepubertal gilts (n = 13) were ovariectomized (OVX) by midventral laparotomy and fitted with an intracerebroventricular (i.c.v.) cannula in the lateral ventricle using a steriotaxic procedure described previously [50, 51] and allowed a minimum of 1 weeks to recover. Placement of the i.c.v. cannula was verified for each animal by X-ray. At least 1 week after the placement of i.c.v. cannula, and 24 h prior to treatment, all gilts were fitted with an indwelling jugular catheter to allow for collection of serial blood samples. Animals were randomly assigned to one of four treatments. Control animals received 150 μl of 0.9% saline. The other groups received 10, 50, or 100 μg of RFRP3 in 150 μl of 0.9% saline. The RFRP3 was synthesized by GenScript with an amino acid sequence of VPNLPQRF-NH2 (purity 98.5%; MW 1318). Serial blood samples were drawn every 15 min for 4 h before and 4 h after i.c.v. treatment. One week later, the experiment was replicated with animals reassigned to treatment so that no animal received the same treatment a second time. This resulted in seven pigs for the control group and six pigs in each of the three RFRP3 treatment groups.
Effects of peripheral RFRP3 on secretion of luteinizing hormone in ovariectomized prepubertal gilts Prepubertal gilts (n = 11) were OVX by midventral laparotomy at least 2 weeks prior to the experiment. The day before the experiment, animals were fitted with indwelling jugular catheters to allow for i.v. treatment and collection of serial blood samples. The following day, serial blood samples were drawn every 15 min for 6 h. All gilts received either 0.9% saline (control, n = 3) or RFRP3 beginning at 120 min after the initiation of sampling. Gilts received a loading dose of 50 μg of RFRP3 followed by repeated injections of either 50 or 100 μg of RFRP3 every 15 min for 2 h resulting in a total infusion of either 450 or 850 μg (n = 4 for each dose) over the 2-h period. Blood samples were collected for an additional 2 h. All injections were administered by hand in 2 ml of 0.9% saline.
Effects of a high dose of peripheral RFRP3 on secretion of luteinizing hormone in ovariectomized gilts Ovariectomized gilts with indwelling jugular catheters from the experiment described above (n = 4) were used. Serial blood samples were collected at 15-min intervals for 6 h. Beginning at 120 min, all gilts received a loading dose of 1 mg of RFRP3 followed by repeated injections of 40 μg of RFRP3 every 5 min for 2 h. This treatment resulted in a total infusion of 2 mg of peptide over the 2-h period.
Effects of RFRP2 on secretion of luteinizing hormone in ovariectomized prepubertal gilts Prepubertal gilts (n = 9) were OVX by midventral laparotomy and fitted with indwelling venous catheters. Gilts were used in a replicated 3 × 3 Latin square design with 6 days between treatment crossover. Treatments were saline and RFRP2 administered at 0.01 or 0.1 mg/kg BW (0.5 ± 0.02 or 5.3 ± 0.3 mg/animal, respectively). Peptide was synthesized by GenScript with an amino-acid sequence of TTEEESSPGATAGLPLRF-NH2 (RFRP2; purity 99.8%; MW 1,889.08). The RFRP2 was administered in a loading dose (25% of entire dose) followed by 11 repeated injections at 10-min intervals. Two hours after treatment concluded, a GnRH antagonist (SB75; 10 μg/kg BW) was administered i.v. as a positive control for suppression of gonadotropin secretion. Blood samples were collected at 10-min intervals during the pretreatment (-120 to 0 min), treatment (0 to 120 min), posttreatment (120 to 240 min), and SB75-challenge (240 to 360 min) periods. All injections were administered by hand.
Hormone analysis
Blood was allowed to clot; serum was harvested by centrifugation (2,500 × g for 20 min at 4
• C) and stored at -20
of LH in serum were determined by validated porcine-specific RIA as described previously [52] . The reference standards for LH (AFP-10506A) were provided by Dr A. F. Parlow (Scientific Director of the NIH, NIDDK, National Hormone and Peptide Program). Pools of porcine plasma with average LH concentrations of 0.64 and 6.14 ng/ml were included in each assay. The average intra-assay and interassay CVs were 6.2% and 10.2%, respectively. Sensitivity of the LH assay (defined as 90% of Bo) was 0.1 ng/ml.
Statistical analysis of in vivo studies
The number and amplitude of LH pulses in experiments involving RFRP3 were determined with PC Pulsar [53] using G-values of 2.0, 1.75, 1.25, 0.75, and 99. Data from the i.c.v. experiment with RFRP3 were analyzed for two periods: 4 h before i.c.v. treatment and 4 h after i.c.v. treatment. In i.v. experiments with RFRP3, mean and basal concentrations of LH and number and amplitude of LH pulses were analyzed for each of three periods: 2 h before treatment, 2 h during treatment, and 2 h after treatment. Data were subjected to a general least squares ANOVA with repeated measures using the MIXED procedure of SAS. The model included treatment, period, and the treatment-period interaction. Animal within treatment was included as a random effect. A first-order heterogeneous autoregressive function with lag equal 1 was used to model the covariance structure for the repeated measure, and degrees of freedom for the pooled error term were calculated using Satterthwaite approximation. All first-and second-order interactions with replicate were tested in the model but were not significant (P > 0.1). The least squares means procedure was used to compare means if significant differences were detected. For the experiment with RFRP2, LH pulses were characterized as described by Thorson et al. [36] and according to Goodman et al. [54] . Briefly, pulses were characterized by three factors: (1) the peak occurred within two samples of the previous nadir, (2) pulse amplitude exceeded assay sensitivity, and (3) the peak was 2 standard deviations (assay variability) above the preceding nadir.
Pulse amplitude was calculated as the difference between the peak concentration and the preceding nadir. Interpulse interval was calculated as the time between pulse peaks during the 6-h period prior to SB75 treatment. Pulse amplitude and interpulse interval were analyzed using the MIXED procedure of SAS with treatment, day, and treatment-day interaction included as fixed effects. Simple and firstorder antedependence were used to model the covariance structure for the repeated measure of pulse amplitude and interpulse interval, respectively. The least squares means procedure was used to compare means if significant differences were detected.
Main effects of RFRP2 and RF9 treatment on differences in mean serum concentrations of LH were determined using the MIXED procedure of SAS. The models included treatment, day, period, and interactions as fixed effects. Compound symmetry was used to model the covariance structure for the repeated measure. The least squares means procedure was used to compare means if significant differences were detected. Quantification of differences in pulse frequency between control and RF9 treatments was analyzed by Friedman's two-way ANOVA for nonparametric, noncontinuous data. To determine the main effects of GnRH and SB75 on differences in serum LH concentrations, area under the curve was calculated using the Trapezoidal Rule and analyzed using the TTEST procedure of SAS. Chi-square analysis was used to test for differences in the proportion of animals that responded to RF9 treatment. Data are reported as least square means ± SEM, unless stated otherwise. Effects were considered significant when P ≤ 0.05.
Results

Genomic association of NPFFR2 with age at puberty
Six nonsynonymous SNPs in NPFFR2 were identified in US-MARC founder animals ( Table 2 ). The sequence and SNP information has previously been deposited into dbSNP (http://www. ncbi.nlm.nih.gov/SNP/). The most significant SNP (rs340363890; P = 8.96 × 10 −6 ) at position 72,557,683 on chromosome 8 in exon 5 of the predicted NPFFR2 protein (XP_005656581.1) is a serine to arginine change (S190R) with the arginine allele being associated with a younger age at puberty (Table 2). This change was predicted by PolyPhen-2 (http://genetics. bwh.harvard.edu/pph2/) to possibly be damaging to the receptor (score of 0.827). Two other amino acid changes in NPFFR2 were significantly associated with age at puberty (rs324519457; P = 0.0024 and rs325401328; P = 0.0044): a valine to methionine substitution (V127M; XP_003129151.3) and an alanine to serine substitution (A429S; XP 005656581.1). These substitutions were predicted by PolyPhen-2 to probably be damaging (V127M) and benign (A429S). The significant SNPs are in low to moderate linkage disequilibrium with each other (r 2 = 0.2 to 0.5). A Kyte-Doolittle hydropathy plot and alignment with the human protein predicted that of the six nonsynonymous changes, only L355F lay within a transmembrane region (Table 2) .
Pituitary gene expression during development of gilts
The ontogeny of reproductive genes expressed in the porcine pituitary and hypothalamus was determined at key developmental time points. There were age-related changes in mRNA expression of FSHβ and LHβ (P < 0.0001) as well as NPFFR1 and NPFFR2 (P < 0.01). Expression of FSHβ mRNA in the anterior pituitary gland decreased (P < 0.05) with age ( Figure 1 ). Expression of NPFFR2 mRNA was greater (P < 0.05) at 24 days of age, whereas LHβ and NPFFR1 Table 2 . Potential functional SNP in the porcine NPFFR2 gene associations with age at puberty in gilts. mRNA expression was greatest (P < 0.05) at 100 days of age ( Figure 1 ). Gene expression in the anterior pituitary gland was also affected by stage of sexual maturity. Expression of LHβ mRNA in the anterior pituitary gland of prepubertal gilts was less (P < 0.02) compared with postpubertal gilts during the luteal phase, whereas LHβ mRNA expression of peripubertal gilts was intermediate (Figure 2) . Expression of FSHβ, NPFFR1, and NPFFR2 mRNA in the anterior pituitary gland was greater (P < 0.03) in prepubertal gilts than in peripubertal or postpubertal gilts (Figure 2) . Expression of GnRHR mRNA in the anterior pituitary gland was greatest (P < 0.04) in prepubertal gilts and least in postpubertal gilts, whereas GnRHR mRNA expression was intermediate in peripubertal gilts ( Figure 2 ).
Hypothalamic gene expression during development of gilts
Stage of sexual maturation of gilts did not affect expression of mRNA for GnRH1, KISS1, and OPRK1 in the hypothalamus of gilts (Figure 3) . Peripubertal gilts had greater expression of TAC3, TAC3R, and PDYN mRNA in the hypothalamus than prepubertal gilts (Figure 3) . Expression of mRNA for NPVF, NPY, and POMC in the hypothalamus of gilts was unaffected by sexual maturation. Prepubertal gilts had less expression of NPFFR2 mRNA in the hypothalamus compared with peripubertal and postpubertal gilts (Figure 3 ), but expression of NPFFR1 was not affected.
Effects of NPFF receptor antagonist RF9 on secretion of luteinizing hormone in ovary-intact, prepubertal gilts
Profiles of LH secretion for representative individual gilts are illustrated in Figure 4 . The number of LH pulses detected over the entire 6 h sampling time was less (P < 0.03) for saline-treated gilts than for RF9-treated gilts (0.7 and 1.6 pulses, respectively). Chi-square analysis revealed that the proportion of gilts with a pulse of LH following treatment differed (P < 0.001). All gilts had an immediate pulsatile release of LH following treatment with RF9, whereas salinetreated gilts never had a corresponding LH pulse (Figure 4 ). For RF9-treated gilts, 71% had a single pulse and 29% had two pulses of LH following treatment. Administration of RF9 stimulated a pulse-like release of LH that was comparable to an endogenous LH pulse (Figure 4) . Mean serum concentrations of LH did not differ between treatments during the pretreatment period. Treatment with RF9 increased (P < 0.01) mean concentrations of LH (0.51 ± 0.05 ng/ml) during the subsequent 4-h period when compared to saline-treated gilts (0.26 ± 0.05 ng/ml). The GnRH-stimulated secretion of LH was not different in gilts treated with saline or RF9 (4.59 ± 1.17 and 4.10 ± 1.17 ng/ml, respectively).
Amino acid sequence of porcine RFamide-related peptides
A porcine-specific NPVF cDNA that we had previously cloned was used to deduce the amino acid sequence of the RFRP precursor protein. This nucleotide sequence has 80%, 72%, 81%, and 82% identity to human, rat, bovine, and ovine orthologs, respectively. It is 97% identical to a porcine NPVF cDNA (GenBank ID: HQ000001.2) reported recently [55] and 98% identical to a predicted porcine cDNA (GenBank ID: XM 003134854). The deduced amino acid sequence revealed a porcine precursor protein containing peptides of 42 and 17 amino acids of expected molecular weight that correspond to RFRP1 and RFRP3, respectively ( Table 3 ). The porcine precursor protein contained the appropriate amino acid motif (LPXRF, where X = L or Q) between RFRP1 and RFRP3 to produce a C-terminally amidated RFRP2 peptide (Table 3) .
Distribution of RFRP immunoreactive perikarya within the porcine hypothalamus
Positive RFRP-ir neurons were solitarily distributed or formed clusters from 5 to 50 cells per nucleus per section. Immunohistochemical examination revealed distinct round or oval perikarya ( Figure 5 ). Neurons in the dorsomedial nucleus positive for RFRP were mainly medium sized (perikarya about 20 μm in diameter), multipolar, and observed to be randomly distributed. The most abundant and well-organized populations of RFRP-ir neurons were localized in the paraventricular nucleus (PVN) adjacent to the third ventricle ( Figure 5G-I) . Moderately dense RFRP-ir nerve fibers were observed in the lateral hypothalamic area (data not shown). Immunostaining in these areas was abolished by preabsorbing the antiserum with porcine RFRP1, -2, and -3, confirming that the GnIH antiserum binds all forms of porcine RFRP. The antiserum showed a high degree of specificity for binding with porcine RFRP as preabsorbtion In vivo effects of RFRP3 and RFRP2 on secretion of luteinizing hormone in ovariectomized prepubertal gilts
Representative LH profiles from individual animals after i.c.v. treatment are illustrated in Figure 6 , where pulses of LH in OVX gilts are clearly evident. Central injection of RFRP3 did not affect any of the parameters of LH secretion (Table 4) . Parameters of LH secretion did not vary when gilts received RFRP3 treatment i.v. (Figure 7) . When a greater dose of RFRP3 was administered i.v., there was no effect of RFRP3 on basal concentrations of LH or amplitude of LH pulses; however, RFRP3 treatment suppressed (P < 0.03) the number of LH pulses during and after infusion (Figure 8 ). Serum concentrations of LH in three representative gilts in one of the Latin squares are presented in Figure 9 . Treatment with RFRP2 failed to suppress mean concentrations of LH (2.77 ± 0.32 and 2.40 ± 0.32 ng/ml for low RFRP2 and high RFRP2, respectively) when compared to saline-treated gilts (2.54 ± 0.32 ng/ml) during the treatment period. Furthermore, LH pulse amplitude and interpulse interval during the 6-h sampling period (prior to injection of SB75) did not differ between treatments (Table 5) . Antagonizing the GnRH receptor with SB75 decreased (P < 0.0001) mean concentration of LH due to inhibition of LH pulses; however, the suppressive effect of SB75 did not differ between saline and RFRP2 treatments (data not shown).
Discussion
Previously, we had shown that DNA markers surrounding the NPFFR2 gene were associated with age at puberty in pigs [37] . The markers on the Illumina beadchip are not functional variants in genes but are intergenic and intragenic SNP chosen for even spacing across the genome. In this study, potential NPFFR2 functional variants that change amino acids and potentially alter function of the protein were tested. Six SNPs were identified from founder sequence in two different predicted NPFFR2 transcripts (XM 003129103.3 and XM 005656524.2) that cause amino acid changes in their respective protein product (XP 003129151.3 and XP 005656581.1). Human and mouse NPFFR2 transcripts display alternative splicing [56, 57] using alternate 5 exons and the presence or absence of cassette exons as demonstrated in AceView (http://www.ncbi.nlm.nih.gov/ieb/research/acembly/ [58] ). Although we did not evaluate NPFFR2 protein function, we did show that some of these variants are highly associated with age at puberty in a validation population of pigs different from the discovery population. This validation would indicate that variation in NPFFR2 affects age at puberty in the pig and that NPFFR2 signaling itself is important for the attainment of puberty in gilts.
To gain a greater understanding of how puberty is related to NPFF receptors, the anterior pituitary gland of gilts was collected at weaning, 60, 100, and 140 days of age, and in gilts that had different stages of sexual maturation at the same age (243 days of age). Expression of FSHβ mRNA was reduced beginning at about 100 days of age, which correlates with ovarian regulation of FSH secretion in the pig during this time [59] . In comparison to prepubertal animals, expression of LHβ mRNA was increased in peripubertal and sexually mature gilts in the luteal phase. There was a striking decrease in expression of NPFFR1 and NPFFR2 mRNA in the anterior pituitary gland in peripubertal and sexually mature gilts. This may reflect a reduction in the inhibition of gonadotropin secretion potentially mediated by NPFF receptors at the level of the pituitary gland. The observed reduction in pituitary expression of NPFF receptors with increasing sexual maturation of gilts agrees with observations in chickens [60] and rodents [61] . Although RFRP3 suppressed GnRHinduced secretion of LH from primary cultures of anterior pituitary cells [29, 62] , there are a lack of data to support the suppression of LH by RFRP3 directly at the pituitary gland in vivo. Nonetheless, reduced expression of NPFF receptors in the anterior pituitary gland of gilts with advancing sexual maturation supports such a possibility.
There is little information regarding the temporal relationship between sexual maturation and gene expression in the porcine hypothalamus. Expression of genes of the hypothalamic reproductive neurosecretory axis was measured in gilts with different stages of sexual maturation at the same age. No differences in gene expression were observed for GnRH1, KISS1, or OPRK1. Lin et al. [63] showed that hypothalamic expression of GnRH1 increased from birth to 3.5 months of age and then declined in 6-month-old pigs. A subsequent report indicated that there was no further change in expression of GnRH1 mRNA in the hypothalamus of gilts from 5 to 7 months of age [64] . The current data indicate that in 8-monthold gilts, differences in sexual maturation are not correlated with differential expression of GnRH1. Similarly, there was no difference in expression of KISS1 mRNA; however, expression of TAC3, TAC3R, and PDYN was greater in peripubertal gilts compared with prepubertal or postpubertal gilts in the luteal phase. These three genes are expressed in a subset of kisspeptin neurons, and have been proposed to play a role in autoregulation of kisspeptin secretion in order to control GnRH pulses [65] . Indeed, secretion of LH was increased in prepubertal ewe lambs after treatment with a TAC3R agonist [66] . The increased expression of TAC3, TAC3R, and PDYN probably reflects an increase in GnRH secretory activity in peripubertal gilts that occurs with the pubertal upregulation of LH pulses [3] . Expression of mRNA does not necessarily reflect differences in protein; thus, it will be imperative going forward to understand how sexual maturation affects the temporal-spatial expression of these proteins in the gilt hypothalamus. The NPY and POMC neural pathways provide inhibitory and stimulatory input to the GnRH system in the gilt [67, 68] , but no differences in hypothalamic expression of these genes was observed between gilts with different stages of sexual maturation. Likewise, sexual maturation did not affect expression of the NPVF or NPFFR1 genes in the hypothalamus of gilts. There was an increased expression of NPFFR2 mRNA in the hypothalamus that occurred with advanced pubertal maturity in gilts. The exact biological reason for this is unclear. Regardless, differential expression of NPFFR2 mRNA in the hypothalamus and pituitary gland of gilts with advancing stages of sexual maturation is supportive evidence for the genomic association of NPFFR2 with pubertal onset in gilts. Together, these data indicate a functional role for NPFFR2 in pubertal development of the gilt.
It was hypothesized that a functional role of NPFF receptors in pubertal development of gilts might involve alterations in LH secretion. The NPFF receptor antagonist RF9 was used to test this hypothesis. The stimulatory effect of RF9 on secretion of LH in the ovary-intact, prepubertal gilts is supported by results in rodents [69] , sheep [70] , and horses [71] . Rizwan et al. [72] demonstrated that RF9 antagonism of the NPFF receptors stimulated the release of LH in rats, but the effect was GnRH dependent. Electrophysiological studies demonstrated that RF9 attenuated RFRP3 suppression of GnRH neuronal firing in hypothalamic tissue of rats [35] . Li et al [29] reported that RFRP3-induced suppression of GnRH synthesis and secretion from porcine hypothalamic cultures was blocked by RF9. The pulse of LH induced in gilts by RF9 was similar in magnitude to an endogenous LH pulse, but less than the ovulatory surge of LH produced by GnRH. Some gilts showed a double pulse of LH in response to RF9, which may reflect an action on the GnRH pulse generator.
Kisspeptin and RFRP are members of the same family of neuropeptides. There is considerable promiscuity of these ligands between the different receptors. Kisspeptin ligands can bind to and activate NPFF receptors [73] . The RF9 compound has weak affinity for the kisspeptin receptor GPR54 [74] , but bound and activated GPR54 in vitro [75] . Furthermore, RF9-stimulated activity of GnRH neurons in the hypothalamus was observed in wild-type but not GPR54 knockout mice [76] . Recently, it was reported that the RF9-stimulated secretion of LH in rodents [77] and sheep [78] was attenuated by kisspeptin receptor antagonists, which would be consistent with the idea that RFRP acts upstream of kisspeptin neurons. In contrast to the robust stimulation of LH secretion by RF9 in sheep, a selective NPFFR1 antagonist GJ14 failed to stimulate LH secretion in ewes [78] . These results seemingly indicate that RF9-stimulated LH secretion in vivo occurs as a result of nonspecific agonistic action at GPR54 causing GnRH secretion. The limitation is that GJ14 fails to affect the NPFFR2 receptor, and therefore does not eliminate the possibility that RF9 acts through NPFFR2 to stimulate secretion of LH. It is important to note that RF9 could stimulate LH secretion in GPR54 −/− , NPFFR1 −/− , and dual GPR54 −/− /NPFFR1 −/− null mice [75] although the affect was attenuated compared to wild-type mice. It is not clear whether stimulation of LH by RF9 through NPFFR2 would involve antagonizing RFRP or might even involve actions independent of the kisspeptin-GnRH neuronal cascade. The NPFF receptors are involved in modulating the action of opioids in the brain [79] . In the current study, NPVF expression in the hypothalamus of gilts was correlated with POMC expression. Endogenous opioid peptides act at the hypothalamus of the pig to modulate GnRH release [68] and alter secretion of LH [80, 81] . Curiously, this effect is dependent upon sexual maturation of the gilts [82] . Identification of a porcine-specific NPVF cDNA and analysis of the deduced amino acid sequence suggest that the RFRP precursor protein in the pig is capable of yielding RFRP1 and RFRP3 peptides. The length of porcine RFRP1 was predicted to be a 42-amino-acid peptide. In other species, the arginine residue corresponding to position 57 is used to cleave the N-terminal end of RFRP1 [83] . This residue was not strongly predicted as a cleavage site, but might be used in the pig as well. Porcine RFRP3 is predicted to be 17 amino acids in length. This is because the pig precursor protein possesses a RFRP2 peptide with an amidated C-terminus of LPLRFGR-NH2. Notably, the bovine and human precursor proteins lack this motif. Isolation and mass spectrometry revealed bovine RFRP3 to be a 28-amino-acid peptide [83] , whereas in the nonhuman primate RFRP3 was isolated as a 20-amino-acid peptide [84] . Rodents lack the gene sequence that would correspond to RFRP2 and, as a consequence, RFRP3 has been isolated as an 18-amino-acid peptide in the rat [18] . Isolation of the native peptides from the porcine hypothalamus will be necessary to confirm these predictions; however, the avian pre-proGnIH contains three peptides, which based on their sequential positions are designated GnIH-related peptide-1, GnIH, and GnIH-related peptide-2, respectively [24, 25, [85] [86] [87] . The functions of GnIH-related peptides-1 and -2 have not been established; however, the middle GnIH peptide clearly inhibits the gonadotropic axis in birds [22] [23] [24] . Porcine RFRP2 is therefore positionally and structurally homologous to avian GnIH and, it was thus reasoned, may represent a porcine-specific GnIH. Although the pig hypothalamus is reported to have greater expression of NPVF mRNA than other organs [55] , there are no information about the spatial distribution of RFRP neurons within the hypothalamus of the pig. We defined the spatial distribution of RFRP proteins in the porcine hypothalamus to more fully understand the biology of the RFRP system in pigs. The GnIH antiserum used in the current study was previously shown to cross-react with mammalian RFRP1 and -3 with a high degree of specificity [30] , and found to be free of competitive binding with other RFamide peptides (i.e. PrRP-31 and NPFF) in an immunoassay [49] . The GnIH antiserum bound to all forms of porcine RFRP but preabsorption with other RFamide peptides did not eliminate immunostaining, which confirms the previous findings that this antiserum specifically detects cells expressing mammalian RFRP. Immunoreactive RFRP cells were observed in various areas of the porcine hypothalamus including the ventromedial nucleus. In sheep [88] and rats [89, 90] , RFRP fibers and cells expressing NPVF mRNA are present in the dorsal portion of this area. Cells expressing RFRP have been found in the dorsomedial nucleus of the hypothalamus of mice [20, 91] , rats [30, 89, 92] , hamsters [20] , sheep [26, 31, 93] , and horses [71] . The observation that RFRP cells are present in the dorsomedial nucleus of the porcine hypothalamus extends these findings. The most numerous populations of RFRP cells were found in the PVN. This agrees with previous reports for sheep [26] and the nonhuman primate [84] . In both the ewe [26, 88] and the male rhesus macaque [84] , RFRP cells in the PVN project fibers to multiple areas of the hypothalamus including the lateral hypothalamic area and the arcuate nucleus. In the pig, moderately dense immunoreactive RFRP fibers were observed in the lateral hypothalamic area. The localization of RFRP cells and fibers in the dorsomedial and lateral hypothalamic nuclei might reflect the reported role of RFRP in stimulating food intake [30, 88] that may link RFRP with metabolic regulation of reproductive function [94] .
Despite the strong in vitro data [26, 29] , the in vivo effects of RFRP3 on secretion of LH in mammals are inconsistent. Data from rats, hamsters, sheep, and horses show that RFRP3 may inhibit [20, 26, 27, 95] , have no effect [33, 70, 71, 89] , or even stimulate [96] secretion of LH in vivo. In the current study, when prepubertal OVX gilts received an i.c.v. injection of RFRP3, no effect on LH secretion was observed. A single i.c.v. injection of RFRP3 may not be sufficient to suppress secretion of LH in prepubertal OVX gilts; however, these data are consistent with results in ewes [70] . When RFRP3 was administered into the peripheral circulation of prepubertal OVX gilts, there was no effect on the pulsatile release of LH. This may be due to the short half-life of RFRP3 [95] . In a second experiment, a greater initial loading dose and more frequent injections were used to sustain greater circulating concentrations of RFRP3. This reduced the number of LH pulses in gilts, which agrees with Kadokawa et al. [28] who reported that frequent i.v. injection of RFRP3 suppressed LH pulse frequency in young gonadectomized male calves. Moreover, results in gilts corroborated the observation that frequent RFRP3 injection suppressed secretion of LH in boars [36] .
Porcine RFRP2 is more identical to avian GnIH than is RFRP3. Not only is porcine RFRP2 positioned similarly within the precursor peptide, it is structurally comparable to avian GnIH in that it is similar in size and has the same amidated C-terminus (LPLRF-NH 2 ). In fish, RFRP2 suppressed the electrical pulse activity of GnRH neurons [97] . The hypothesis that porcine RFRP2 might be a pig-specific GnIH was tested, but no effect of RFRP2 on parameters of pulsatile LH secretion was detected. This may reflect a limitation in the OVX gilt model in which potent stimulators of LH secretion such as kisspeptin [15] are highly upregulated following the withdrawal of estrogen-negative feedback. A GnRH receptor antagonist was used to confirm that measurable reductions in LH can be observed when GnRH stimulatory input to the anterior pituitary gland of the prepubertal OVX gilt model is limited, as would be expected. The presence of appropriate cleavage sites suggests that RFRP2 is Number of LH pulses (mean ± SEM) in prepubertal, OVX gilts (n = 4). Serial blood samples were collected for 2 h before, 2 h during, and 2 h after i.v. treatment with RFRP-3. Number of LH pulses per 2 was reduced during and after treatment when compared with before treatment ( * P < 0.05).
produced in the pig and therefore likely has a functional role in biology. It does not appear at present, however, that porcine RFPR2 administered i.v. at these doses is a hypophysiotropic hormone in the gilt. Potential functional variants within the porcine NPFFR2 gene are associated with age at first estrus in gilts and indicate that receptor function is important for timing of puberty in pigs. Increased secretion of LH in gilts resulting from treatment with the NPFF receptor antagonist RF9 is likely due in part to nonspecific agonistic action of the compound at the kisspeptin receptor and partly through antagonistic action at NPFFR2. The neuroanatomical evidence and in vitro data suggest that RFRP, which are purported to act through NPFF receptors, are negative regulators of the reproductive neurosecretory axis of pigs. The RFRP peptide fragments are purported to be NPFFR ligands. The ability of RFRP2 and RFRP3 to affect LH secretion in gilts was tested using different dosages with varying infusion and sampling schedules. A high dose of the NPFF receptor ligand RFRP3 had a modest inhibitory effect on the number of LH pulses in prepubertal OVX gilts. Despite a high homology with avian GnIH, porcine RFRP2 as tested had no inhibitory effect on LH secretion in gilts. Lack of strict receptor specificity between kisspeptin and RFRP ligands has made it difficult to uncover the precise role of NPFF receptors in reproductive function. Nonetheless, there are marked changes in the expression of NPFFR2 in the hypothalamus and anterior pituitary gland and of gilts beginning with the peripubertal period. These data together with the genomic association clearly support the idea that NPFF receptors are involved in regulating onset of puberty in the pig even though the exact mechanisms remain elusive.
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